ABSTRACT: During August-September 1991, Ichthyophonus hoferi caused a mass mortality among the herring Clupea harengus population of the Skagerrak-Kattegat. This was the first record of a mass mortality of herring due to I. hoferi along the eastern coast of the North Atlantic and the first record of I. hoferi from the Skagerrak and Kattegat area. From August 1991 to December 1994 herring were sampled and examined both macro-and microscopically for signs of ichthyophonosis. Macroscopically visible signs of ichthyophonosis were found in 269 of the 25 156 herring examined. Microscopic examination of different organs showed more than 4 times the prevalence than did macroscopic examinations. The ratio between the results of the micro-and macroscopical examinations, i.e. signs of passive/signs of active phase of infection, varied with the age of the fish as well as with the season. The prevalence of infection fluctuated seasonally, probably due in part to the migration pattern of herring; the spring spawning population was assumed to be the most heavily infected population of the area. The number of herring lulled as a result of infection is estimated to be more than 300 million, i.e. more than 10% of the population. Differences between the recent epizootic among herring stocks due to I. hoferi and those reported from the western North Atlantic are also discussed in the 'Discussion' section.
INTRODUCTION
Since 1916, the parasitic 'fungus' Ichthyophonus hoferi Plehn & Mulsow 191 1 has been known as the causative agent of 6 epizootics which have caused mass mortality among the herring Clupea harengus harengus Linnaeus 1758 stocks of the Gulf of St. Lawrence and the Gulf of Maine (western North Atlantic). In some years these were linked with dramatic reductions in herrings stocks (Fish 1934 , Sindermann 1958 , 1963 , 1965 , 1990 , Tibbo & Graham 1963 . I. hofen, the taxonomic position of which is not yet certain (McVicar 1982) , was first described by Hofer (1893) from brown trout cultivated in Germany. Since then, I. hoferi has been reported from more than 100 species of fish from both freshwater and from the marine environment as well as from brackish waters. During the past 100 yr this parasite has been assigned various generic and specific names. In the present work the pathogen is called Ichthyophonus hoferi, in accordance with Sindermann (1990) and Lauckner (1984) .
In herring, Ichthyophonus hoferi causes a systemic inflammation which replaces the normal tissues of vital organs such as the heart, brain, liver and kidneys by granulomatous and necrotic reactions, disrupting the normal function of the infected organ(s). These pathogenic effects of I. hoferi, accompanied by starvation of the host, seem to be the cause of the host's death (Rahimian 1994) .
During August-September 1991, thousands of dead and dylng herring were found floating on the surface and washed up on the shores along the Sound between Denmark and Sweden. On examination, all dead and dying herring sampled were found to be infected by Ichthyophonus hofen. This was the first record of a mass mortality of herring due to I. hoferi along the eastern coast of the North Atlantic. A mass mortality of plaice Pleuronectes platessa due to this pathogen had been reported previously from the Scottish coast by McVicar (1981) . Because of the economic importance of herring to the Swedish fishery, it was decided that a n extensive study on I. hoferi in the herring population of the Swedish west coast was warranted. In the present study we describe the epizootiology of I. hofen and the possible effects that the epizootic has had on the herring population.
MATERIALS AND METHODS
The study took place from August 1991 to December 1994, when herring were sampled from the Skagerrak, Kattegat and the Sound off the Swedish west coast (Fig. 1) . During this period 25 156 herring were examined: 15 561 from commercial catches and 9595 from research hauls of the RV 'Argos' of the Swedish Fishery Board. The commercial vessels used pelagic trawls, while the research vessel used bottom trawls as the fishing method. Sampling from commercial catches were carried out year-round, while research hauls were limited to the tirst and third quarters of 1992 as well as to the first, second and third quarters of 1993 and 1994. Sampled herring were arbitrary divided into 3 size groups ( S 19 cm, 20-24 cm and 2 25 cm) and, in the case of the research hauls, were deep frozen at -20°C immediately after being caught. Samples from commercial catches were kept on ice while on board and frozen immediately after landing. During the study 9445 specimens in the 519 cm, 9444 in the 20-24 cm and 6267 in the 1 2 5 cm size groups were examined.
In a pilot study in which more than 100 specimens were examined, the heart was shown to be the organ comm.) . On the basis of these findings, the heart was chosen as the key organ for further studies.
Exarninahon of specimens was carried out as follows: each fish was measured to the nearest cm and then screened for gross signs of infection on the body surface, i.e. ulceration and/or rough appearance of the skin, or 'sand paper effect'. The heart was then:
(1) examined macroscopically for signs of ichthyophonosis, i.e. creamy whitish nodules on the surface of the heart, and (2) examined microscopically. The microscopical examination was carried out on 15 120 specimens randomly chosen from those which had first been examined macroscopically. They represented different size groups from both commercial and research catches. Each heart was placed between 2 microscopic slides and squashed. These slides were then screened for spores and/or hyphae of Ichthyophonus hofen using a light microscope with x75 to x200 magnification. Two distinct phases concerning the pathology of I. hofen in herring have been described (Rahirnian 1994) . In the first phase spores of I. hoferi, from different organs, were packed in granulomatous elements. In this phase light, gross signs of ichthyophonosis were never or very seldom observed. The second phase involved moderate to severe gross signs of ichthyophonosis and no or few granulomatous elements. Samples showing macroscopic signs were considered to be in an active or progressive phase of infection, while those that had spores but no macroscopic signs were considered to be in a passive or resting phase of infection.
Statistical analysis. To test the significance of differences between macro-and microscopic examinations we used Slutsky's theorem (Ride & Rudemo 1994) .
The data are binary, i.e. infectedhot infected, and the statistical test that we used assumed an underlying normal distribution. To test the validity of the normal approximation we used McNemar's test and rules of thumb (Rice 1993) .
In order to determine whether the prevalences of infection were independent of the kind of trawls being used and to see if the prevalences were independent of the size of the fish we used the closure principle (Astrand 1993) . This method 1s an alternative to the more common Bonferroni method, in which tests are carried out on the lower levels (i.e. smaller a = 4 3 , a = 0.05). Since we already had quite low levels, due to the numerous tests, the closure principle was found to be preferable. The matched-pair test (Lehmann 1975) was also used to test the significance of seasonal changes in prevalences and of differences between commercial and research catches as well as the differences between the size groups.
Estimation of mortality.
A model is presented in the Report of the Worlung Group on Pathology and Diseases of Marine Organisms of the International Council for the Exploration of the Sea (ICES) which evaluates of the impact of Ichthyophonus hoferi on affected herring stocks and also provides an estimation of the mortality (Anonymous 1992, Table 1 ) . This model was considered applicable to the material worked with in the present study. On the basis of this approach, examples of annual mortality rates (%) were calculated from theoretical prevalence levels and an average maximum survival (100/200 d) of infected individual fish. As a worlung hypothesis in this study, the assumption was made that herring in the active phase of infection survive an average of 100 d and that 200 d survival was applicable to specimens recorded as being in the passive phase, i.e. those with only microscopically visible spores of I, hoferi. However, to have an estirnation of the mortality using the annual model, we chose to use only the results of the macroscopical investigation of the first 24 mo of the study.
RESULTS
The prevalences of infections with Ichthyophonus hoferi obtained from macroscopic and microscopic examinations showed significant differences (p < 0.05). Consequently, they are dealt with separately. Furthermore, the prevalences of infections in the sampling areas had a patchy distribution, and examination of catches on the same day in neighbouring areas disclosed different prevalences. Knowing this, the decision was made to treat the results obtained from the Kattegat-Skagerrak and the Sound as one, as the west coast of Sweden.
Macroscopic examination
During the course of this study 269 specimens of different size groups showed macroscopic signs of ichthyophonosis ( Table 2 ). The ratio between the proportions of infected and examined fishes of each size group is shown in Fig. 2 . As can be seen in Fig. 2 , the 1 2 5 cm size group has a ratio of 1.7, while the other 2 size groups have ratios of 0.8. Thus, as a whole, the largest herring more often showed macroscopic signs of infection than did smaller fish.
As described in 'Materials and methods', the research hauls were limited to certain months of the year. Inspection of samples from conlrnercial and research vessels resulted in significantly different prevalence ( p < 0.05) during the periods when sampling from both sources were carried out (Fig. 3) , so commercial and research catches must be considered separately. 
Commercial catches
The overall prevalence, with some fluctuation, decreased during the study period from the maximum of 5.8% in the 3rd quarter (Qr) of 1991 to 0 % in the 4th Qr of 1994 (Fig. 4) . The prevalence of infection was, however, different in different size groups.
Although the prevalence of the infection was different for the 20-24 cm and the 1 2 5 cm size groups, there The size group < 19 cm could also, with some time delay in peaks, be placed with the other 2 groups. After the 3rd Qr of 1993, however, the overall pattern changed and the prevalence did not exceed more than 1 %.
In the 119 cm size group, the prevalence rose from zero in the 3rd Qr of 1991 to 1.3 % in 1st Qr of 1992 and then dropped to zero in the 2nd Qr of 1992. The prevalence again increased to 3.8% in the 4th Qr of 1992, followed by a decrease to 2.0% in the 1st Qr of 1993, to less than 1.0% in the 2nd Qr of 1993, and to zero from the 3rd Qr of 1993 onwards. For the 20-24 cm size group the prevalence in the 3rd Qr of 1991 was 2.9%, which increased to 4.3% during the 4th Qr of 1991 and then dropped to less than 1 % in the next 2 periods. The prevalence then rose from the 3rd Qr of 1992 to the 4th Qr of 1992 up to 2.6%, then decreased to 1.8% in the 1st Qr 1993, and to 0.0% in the 2nd Qr of 1993. It remained at this level for the next 2 periods until the 1st Qr of 1994, when samples disclosed a prevalence of 0.2%, which remained unchanged for the next 6 mo and then dropped to zero for the following months. The largest size group (2 25 cm) had the highest prevalence (7.4%) during the 3rd Qr of 1991 followed by a continuous decrease for 1 yr, which reached zero in the 3rd Qr of 1992, and then rose rapidly to 2.3% in the 4th Qr of 1992. After this it decreased again to zero in the 3rd Qr of 1993. During the next 15 mo it had 2 peaks (both less than 1.0%) and 2 nadirs of zero.
Research vessel catches
The research hauls were carried out during 8 periods (Fig. 4) . The magnitude of the prevalence of infection of samples taken from research hauls was significantly higher (p < 0.05) than that of the commercial catches except in the 1st Qr of 1993, when the prevalence of infection of commercial catches was higher than that of the research hauls. The patterns of fluctuations in prevalences were similar in both commercial and research catches except for the 1st Qr of 1993 (Fig. 4) .
Microscopic examination
As indicated in Tables 2 & 3 the prevalences of infection based on the results of microscopic examination of the heart were much higher than those based on macroscopic examination: 269 of 25 156 (1.1 %) specimens of herring showed macroscopically visible nodules of Ichthyophonus hoferi on their hearts. On the other hand, microscopic examination revealed 573 of Table 4 the ratio decreases as size increases. The S19 cm size group had the highest ratio (R = 6) followed by the 20-24 cm size group (R = 4) and the 2 25 cm size group (R = 3.8). Furthermore, the ratio varied greatly during the study and was negatively related to the Macro prevalence (Fig. 6) , i.e. the higher the prevalence determined by macroscopical examination of samples, the lower the ratio. Thus, when the 2 peaks of infection prevalence occurred, the ratios were low and vice versa. As mentioned earlier, different size groups showed different overall ratios. The fluctuations of the ratios were different for different size groups (Fig. 7 ) and again were negatively related to Macro prevalences (see Fig. 5 ). The ratio for the 2 25 cm size group was at a rather constant level from the 3rd Qr of 1991 to the 2rd Qr of 1993, when there was an interruption in the microscopic examination. In the 1st Qr of 1994, when examinations were resumed, this ratio was at its highest ever, but then there was a decrease which continued until the end of the study. The ratios of the other 2 size groups fluctuated widely from the 3rd Qr of 1991 to the 2rd Qr of 1993. From the 1st Qr of 1994 onwards, the ratios for these 2 size groups were more or less steady for 9 mo, after which time they also dropped to zero in the 4th Qr of 1994. The interval between the 2 following peaks, or nadirs, for each size group lasted 6 to 9 mo.
Mortality estimation
The prevalence of infection in the active form was 2.4% during the 12 mo period 1991/92, 0.8% during 1992/93 and 0.5% during 1993/94 (Table 5 ). Using the model for mortality estimation given in Table 1 , these figures resulted in a n annual mortality of 8.9% for 100 d survival for the first year, 3.0% for the second and 1.9% for the last year of the study. The estimated number of spring spawning herring of the area in 1990 is 2470 million (Anonymous 1991a) . Using this figure as the base and assuming that it has remained constant and substacting the yearly reduction due to Ichthyophonus hoferi, we calculate that 220 million herring were killed during 1991/92 as a direct effect of I. hofen. The corresponding number for the following 2 yr are 68 and 43 million respectively. Consequently, the total number of herring killed by I. hoferi during the study period is estimated to be 331 million. If the values given in Table 1 for 200 d survival are used, our estimation will be above half this, i.e. 165 million herring.
DISCUSSION
Ichthyophonosis has, so far, been reported in marine teleosts from the Pacific Ocean (Munday 1976 , Miyaz a h & Kubota 1977, Chien et al. 1979 , Okamoto et al. 1985 , Olsen 1986 , the Mediterranean (Reichenbach- Klinke 1954 , Sitja-Bobadilla & Alvarez-Pellitero 1990 , Athanassopoulou 1992 , the South Atlantic (Paperna 1986) , and most often from both sides of the North Atlantic and adjacent waters (Sproston 1944 , McVicar & MacKenzie 1972 , Moller 1974 , McVicar 1977 , 1979 , 1980 , 1981 , Lauckner 1984 , Sindermann 1990 , Rahimian 1994 . The wide ranges of geographic and host distributions suggest that Ichthyophonus hoferi has a very low host specificity.
Herring is, and has been, a commonly infected host in the western North Atlantic (Sindermann 1990) and has now become a recognized host in the eastern North Atlantic.
Prior to 1991 there was only one report of herring from the eastern North Atlantic being infected by Ichthyophonus hoferi. (McVicar 1977) . In AugustSeptember 1991, this pathogen caused mass mortality in the herring population of the Skagerrak-Kattegat (Rahimian 1994) . The prevalence of infection after the peak of mortality, in the third quarter of 1991, in the Lysekil area was 11.3% with no mortality being detected. Consequently, the prevalence in this population could have been considerably higher at the time of the observed mass mortality. The pattern of infection also suggested this, and that the peak of prevalence could in fact have been 1 yr earlier.
One of the latest Ichthyophonus hofen-induced mortalities of herring in the western North Atlantic (in the Gulf of St. Lawrence) started in mid-May 1954 and reached its peak in June, then continued at about the same level throughout July and apparently ceased in August (Tibbo & Graham 1963) . Sindermann (1958) estimated that at least 50% of the mature herring in the Gulf of St. Lawrence were destroyed during the period 1954/56. The maximum prevalence of the disease was 78 %, with a n average prevalence of 27 % in 1954 (Sindermann 1958) , but there were also wide variations between samples and from year to year. In 1957 the prevalence dropped to 10 % (Tibbo & Graham 1963) .
In the Skagerrak-Kattegat area, however, the peak of mortality was seen during August-September 1991. This is different from that which was reported for the Gulf of St. Lawrence, the peak having occurred there in mid-May. In addition, the prevalence during the months following the mortality peak was lower in Swedish waters as compared with prevalence during the corresponding periods in the Gulf of St. Lawrence. These differences could have arisen because of the complex structure of the hernng stock in the Swedish area. The area supports the North Sea autumn spawning population at 2 levels, nursery and overwintering; moreover, it acts as a spawning site and nursery ground for the spring spawning population (McKeown 1984 , Anonymous 1991a . The area also acts as a migratory route between the Norwegian Deeps and the south-west Baltic for the spring spawning population. The Skagerrak is also considered to be a part of the feeding grounds for the spring spawning population. The dominant population of the region, however, is the spring spawning population (Anonymous 1991a, b) . The herring stocks of the Gulf of St. Lawrence are less complicated than those of the Skagerrak-Kattegat. Therefore, it is possible that one of the populations of the Skagerrak-Kattegat area has been highly infected with Ichthyophonus hoferi and that the presence of that stock in the area has caused the peak of prevalence and the consequent mortality.
Our study suggests that there may be a relationship between the fluctuation of the prevalence of ichthyophonosis and the migration pattern of herring to and from the area. The spring spawners migrate from the south of the Baltic Sea and the Sound, throughout the Kattegat-Skagerrak, toward the north as early as May. The time of migration back to the SkagerrakKattegat, after having spent the summer in the Norwegian Deeps, varies from year to year, but it normally begins in late September (Anonymous 1991a, b) . Since the epizootic among the herring population occurred in August-September 1991, it is possible that the heavy Infection resulted in changes in the migration behaviour that year, i.e. early migration. The pattern of prevalence fluctuation in 1992 supports this hypothesis. In 1992 the prevalence of infection decreased continuously until September, when it began to increase, reaching its peak during OctoberDecember, when most of the spring spawners were present in the area. Subsequently, prevalence began to decrease due to migration of the populat~on to the Sound and the Baltic Sea as well as to mixing with other stocks and/or death of infected flshes. Thls hypothesis suggests that spring spawners are the most heavily infected population of the area and that the pathogen may have been introduced to the population during spring-summer 1991 in the Norwegian Deeps. Herring samples from Norway have repeatedly shown the classical gross signs of infection, i.e. 'sandpaper' and black nodules, which were rarely seen in Swedish western waters (authors' pers. obs.). This also supports the possibility of the presence of highly infected population(s) in the Norwegian Deeps that introduced Ichtl~yophonus hoferi to the spring spawners of the Skagerrak-Kattegat.
The epizootics among the herring of the western North Atlantic were well documented (Cox 1916 , Daniel 1933a , b, Fish 1934 , Forster 1941 , Sindermann 1956 , 1958 , 1966 , Tibbo & Graham 1963 at the time of the outbreak, but monitoring was discontinued in the years following the outbreak. However, mass mortalities of herring in the western North Atlantic have mostly occurred during winter and spring when water temperatures were low. In the SkagerrakKattegat the epizootic occurred in late summer and early autumn. The sharp peak of prevalence of ~n f e ction, accompanied by mass mortality, followed by the decline in prevalence of infection, parallels other reports on western North Atlantic herring stocks (Sindermann 1990) . The difference, however, is the peak in the following year which occurred almost at the same time as the original peak. As mentioned earlier, evidence suggests that the migratory pattern is the variable agent. It 1s possible that herring developed a resistance mechanism against the pathogen that enhanced the tolerance of the f~s h to Ichthyophonus hoferi. It is also possible that suspected decreases in the herring population due to I. h o f e~i -induced mortality resulted in a less dense population, which made it more difficult for I. hoferi to spread. Effects of population density on the prevalence of infection by parasites have been documented repeatedly (Rohde 1982) .
In June 1992, fingerling herring were found infected with Ichthyophonus hoferi. As small herring are not usually in the same school with adult herring, it was unlikely that the infection was transferred directly from adults. Sinderinann & Scattergood (1954) reported that spores can remain alive for at least 6 mo, and possibly more, in sea water. These small herring m~g h t have been infected by swallowing spores that were visible and of a su~table slze to serve as food for the larval herrlng. These spores may have survived from the 1991 mass infect~on of hernng in the area. On the other hand, the small herring were mixed with young sprat. The sprat populat~on had a relatively lower prevalence of infection by I. hoferl, and the fungus seemed to be less lethal to sprat than to herring (Rahimian 1994) . So it is possible that sprat act as a reservo~r host for I. hoferi, allowing the parasite to maintain its presence in the area.
The overall prevalence of infection with Ichthyophonus hofer-i found in this study was 0.9% and 1.3 % for commercial and research catches respectively. This minor difference might be because samples from commercial catches were available year-round, while samples from research vessels were only available during limited periods each year. This, however, is not confirmed by comparison of prevalences during periods when sampling from both catches were carried out. In these periods the gap between the prevalences obtained from con~mercial and research catches was even greater This difference, however, could be due to the fact that different fishing methods were used by commercial and research vessels (pelagic versus bottom trawls) and could reflect the possibility that the sick fish become separated from large schools and form small schools foraging at the bottom. It may also be due to their failure to follow the school because of their weakness or because of behavioural changes caused by infection. Since, in our study, we mainly dealt with commercial catches, the real prevalence of infection in the area could have been even higher.
Microscopic examination of the heart shows higher prevalence of infection than that found by examination with the naked eye. So, in general, it appears that more fishes were in the passive phase of infection. On the other hand, (Micro+Macro)/Macro r a t~o s (R) varied within different s u e groups by season. Moreover, the ratio was negatively related to the length of the size group in question. These facts imply that younger fish are more sensitive to infection by Ichthyophonus hoferi, and as the fishes age they become less susceptible to the lethal effects of the pathogen, i.e. older fishes can cope with the pathogen, at least temporarily. Another supporting piece of evidence is provided by the sharp changes in the ratios of the small a n d the medium size groups compared with the more or less constant ratio of the largest size group, i.e. younger fish die soon after being infected. This is in agreement with the findings of Sindermann & Scattergood (1954) , who noted that there was a strong resistance of older herring to infection with I. hoferi. There are some differences between herring infected with I. hoferi in the Skagerrak-Kattegat and infected herring. from the western North Atlantic regarding age-dependent susceptibility. For instance, larger herring from the Skagerrak-Kattegat showed a higher prevalence of infection and the active phase of infection was more often observed in larger herring than in smaller sizes, while those from the western North Atlantic showed no significant differences. In the western North Atlantic all fish which showed no macroscopic signs of infection were completely negative upon microscopic examination, but in the Skagerrak-Kattegat the (Micro+Macro)/Macro ratio was significant. If the infection first developed in one of the populations which had been infected in the Norwegian Deeps, then the fluctuation of the ratio against the Macro prevalence implies that there is an interval of 3 to 6 mo between being infected and showing the active form of infection which then leads to the death of the victims. On the basis of this assumption and those mentioned earlier, development from the passive to the active phase of infection is more rapid in the smallest size groups (2 to 4 mo for the 5 19 cm size groups).
Finally, based on the theoretical model used in this study, Ichthyophonus hoferi may have caused the death of between 165 and 331 million herring from 1991 to 1994. However, these numbers are based on the results of macroscopic examination. The results of McVicar (1981) as well as those of Sindermann (1958) indicate that survival for about 100 d can be expected for specimens with macroscopically visible signs of infection. In our study we have shown that on average the prevalence of infection as determined by microscopic examinations is 4.5 times that as determined by macroscopic examinations. Consequently, the true number of herring killed in the period 1991 to 1994 may be at least 4 times higher, i.e. 660 and 1324 million respectively. The lower number corresponds to 26.7 % of the herring population as estimated for 1990 (Anonymous 1991a). Our estimated mortality is, however, lower than that reported by Sindermann (1958) for herring in the Gulf of St. Lawrence. This may be one reason why, as yet, no serious effect on the size of our spawning stock has been observed, while the latest outbreak of I. hoferi in the western North Atlantic resulted in a serious reduction of that stock (Sindermann 1963) .
